Introduction
Rac1, a key member of the Rho guanosine triphosphatase (GTPase) family, regulates the cytoskeleton, lamellipodial extensions, cell adhesion and motility, and cell-cell junctions. 1 Activation of Rac1 is mediated by guanine nucleotide exchange factors in response to cytokine stimulation 2,3 sphingosine 1-phosphate (S1P) stimulation, 4 and integrin ligation. 5 After activation, Rac1 is inactivated by GTPase-activating proteins and thereby cycles between active GTP-bound and inactive GDP-bound configurations. 1 Rac1 is essential for embryonic angiogenesis; selective deletion of the Rac1 gene in endothelial cells (ECs) caused defective neovascularization and death. 6 A Rac1 requirement for angiogenesis in the adult seems controversial. Endothelial-specific Rac1 haplo-insufficient mice exhibited impaired angiogenesis in a hind limb ischemia model, 7 whereas another study showed that endothelial Rac1 was not required for tumor angiogenesis unless integrin ␣v␤3 was absent. 8 In vitro, Rac1 activity is generally agreed to be essential for capillary morphogenesis. Dominant negative (DN) N17Rac1 and deletion of Rac1 both inhibited formation of vascular cords 6, 9, 10 and impaired the stability of vascular lumens. 11 Thus, Rac1 activity is important for capillary morphogenesis and neovascularization, at least in some settings. However, the consequences of augmenting Rac1 activity for neovascularization in vivo have not been investigated previously.
In this study, we investigated the outcome of augmenting Rac1 activity for angiogenesis in a model that recapitulates pathologic neovascularization in the adult. Paradoxically, vascular endothelial growth factor (VEGF) induces a normal vasculature during embryogenesis but can induce a highly abnormal vasculature in the adult. 12, 13 Typical abnormalities include aberrant neovascular architecture and leakiness that are attributable to comparatively high VEGF expression in pathologic settings 14 and imbalance between VEGF and other important factors. 12 Serious neovascular malformations and vascular leak also have been observed in various animal models designed to test proangiogenic therapy with VEGF. [15] [16] [17] [18] Nonetheless, the underlying fundamentals responsible for abnormal VEGF neovascularization have been largely unexplored. Experiments described here illustrate that active Rac1 markedly improves the angioarchitecture and reduces leakiness of pathologic neovessels induced by VEGF. In addition, they show a pharmacologic strategy involving Rac1 activation that rectifies VEGF-driven angiogenesis in vivo, and they identify important mechanistic parallels with angiopoietin-1 (Ang-1).
polyclonal antibody (sc-6458) and secondary antibody: FITC-labeled anti-goat immunoglobulin G (sc-2024; Santa Cruz Biotechnology Inc).
Packaging cells expressing retroviruses encoding Rac1 mutants
Rac1 cDNAs mutants were polymerase chain reaction amplified from a wild-type Rac1 cDNA, cloned from a human fetal kidney cDNA library (Clontech) by polymerase chain reaction. Rac1 mutant cDNAs were subcloned into BamHI sites in a modified retrovirus vector pLCNX2/ IRES-EGFP. 19 This vector expresses green fluorescent protein (GFP) as a separate protein through an independent ribosome entry site (IRES). The fidelity of all clones was verified by sequencing. PT67 retroviral packaging cells (Clontech), which express the 10A1 viral envelope for production of amphotropic virus, were transfected with pLCNX2/IRES-EGFP vector containing DN N17Rac1, active L61Rac1, or vector without insert (empty vector). Transfectants were cloned, and clones expressing retrovirus at 1 ϫ 10 5 colony-forming unit/mL were selected.
VEGF-driven angiogenesis, retroviral transduction, and drug administration in vivo, analyses of vascular parameters
Angiogenesis was investigated in vivo with an established method involving both VEGF 165 -transfected cells and retroviral packaging cells that provide a constant source of VEGF and retrovirus. 19, 20 All animal research was approved by the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee. Female athymic nude mice (7 weeks old) were injected subcutaneously on the right and left flanks with 0.3 mL of 9 mg/mL Matrigel containing 1 ϫ 10 6 SK-MEL2 human melanoma cells transfected for stable expression (cytomegalovirus [CMV] promoter) of human VEGF 165 together with 1 ϫ 10 6 retroviral packaging cells, as indicated. Untransfected SK-MEL2 cells do not provoke angiogenesis; therefore, the VEGF-SK-MEL2 transfectants allow for specific investigation of VEGF-driven angiogenesis. 21 To analyze perfusion of new blood vessels, animals received tail vein injections (0.2 mL) of 70 kDa of Texas Red dextran (25 mg/mL) in sterile saline at times indicated before harvest. For whole-mount immunofluorescence analysis of tracer-filled vasculature, skin samples were fixed in 4% paraformaldehyde (4 hours), mounted in immersion oil and viewed with a Bio-Rad MRC-1024 Confocal Microscope equipped with an Argon-Krypton Laser. Four to 6 fields per sample were visualized with a 10ϫ objective. For histology, implants together with associated skin were fixed for 1 hour in 10% buffered formalin and embedded in paraffin. Immunohistochemical staining of ECs with CD31 antibody was performed as described. 19 Total neovascular density (ie, area of gross images occupied by neovessels) and lumen area were traced through freehand selections on digital images and measured with National Institute of Health (NIH) ImageJ software. Neovessels and ECs per unit area were measured through freehand point selections, and vessel diameters were measured with line selections with the use of NIH ImageJ software.
Finally, for experiments with SEW2871, angiogenesis assays were performed as described in the preceding paragraph but without retroviral packaging cells. SEW2871 was administered by gavage once daily at a dose of 10 mg/kg unless indicated otherwise.
Analyses of vascular leakage
Animals were injected intravenously with FITC-dextran (70 kDa) 20 minutes before harvest (for visualization of vessel perfusion in combination with vessel leakage) and then injected intravenously with Texas Red-dextran (70 kDa) 1 minute before harvest (for visualization of vessel perfusion alone). Excised tissues were fixed in 4% paraformaldehyde, dehydrated in a graded series of alcohols, cleared in methyl salicylate, and subjected to Laser Scanning Confocal Microscopy. FITC and Texas Red fluorescence were excited sequentially at 488 nm and 568 nm, respectively, with the use of a krypton-argon laser. The extent of FITC-dextran tracer leakage was quantified by subtracting the Texas Red signal from the FITC signal with the use of the Image Calculator function of NIH ImageJ software and then integrating the remaining FITC signal intensity values in the resultant histogram with the use of Microsoft Excel. Four images were analyzed for each experimental condition. Relative tracer leak was reported as the percentage of leak observed in the empty vector control.
Microvascular ECs and retroviral transduction
Human dermal microvascular ECs (MVECs) were isolated from neonatal foreskins 20 and cultured in the continuous presence of 20 ng/mL VEGF 165 . Use of human cells was approved by the Beth Israel Deaconess Medical Center Institutional Review Board. All experiments were performed with cells at the fourth to seventh passage. MVECs at passage Յ 5 were transduced with retroviruses according to a previously established, efficient method. 22 The transduction procedure was repeated 3 times on consecutive days before subjecting cells to selection with 300 g/mL G418. This method yields 100% transduction as indicated with GFP vectors. 19, 20 Cells were used within 1 week for experiments.
In vitro capillary morphogenesis assays; staining for F-actin and VE-cadherin
Capillary morphogenesis assays were performed by "overlaying" or "sandwiching" confluent MVEC monolayers with rat tail collagen-I. 19, 20 The sandwich assay was performed in 12-well plates with 1.0 mg/mL collagen-I in full medium (Clonetics EBM-2 or MCDB 131, containing 15% fetal bovine serum and 20 ng/mL VEGF). When indicated, either SEW2871 or Ang-1 was added for overnight incubation before adding the upper layer of collagen-I containing the same concentration of agonist. Capillary morphogenesis was allowed to proceed for 16 hours; the assay plates were fixed with 10% formalin for 1 hour, permeabilized briefly with 0.02% Triton-X100 in phosphate-buffered saline (PBS), and stained for F-actin with fluorescent Oregon Green-conjugated phalloidin (0.5 U/mL) and photographed. For the overlay assay, each well was overlaid with 300 L of collagen-I (0.5 mg/mL) in serum-free medium containing 20 ng/mL VEGF. Capillary morphogenesis was allowed to proceed for 4 hours; cells were fixed and stained for F-actin (as above). Cells were photographed with a Nikon Eclipse TE300 inverted fluorescent microscope with 20ϫ objective and digital camera (Lieca FireCam v1.5). Cord length, blind ends, and polygons were quantified with NIH ImageJ software; cord length was traced and measured through freehand line selections, and polygons and blind ends were determined with point selections. Measured parameters correspond to actual areas of 0.4 mm 2 . Cells in monolayer culture also were stained for F-actin (as above) or with VE-cadherin antibody (see "Reagents").
Analyses of Rac1 activity and VEGF expression
The Rac1 pull-down assay was performed according to the manufacturer's instructions, using 2 ϫ 10 6 MVECs, and samples were analyzed with immunoblotting. To assay for effects of retroviral transduction or SEW2871 on VEGF expression, VEGF 165 -SK-MEL2 cells were cocultured with the various Rac1 retroviral packaging cells in the same proportions used in vivo or were treated continuously with SEW2871 at the dose used to improve cord formation (15nM). Medium was harvested daily for 7 days, and VEGF 165 was concentrated with heparin-Sepharose chromatography followed by electrophoresis and immunoblotting with VEGF-specific antibody 23 and quantification with a digital scanner.
Statistical analyses
Data are presented as mean ϩ SEM. Statistical analyses were performed with InStat 3 software (GraphPad Software Inc) for Macintosh, using the 2-tail Mann-Whitney test, assuming unequal variances between the 2 groups under comparison. In all cases, the experimental group was compared with the corresponding control group; and calculated P values are based on direct comparisons between the 2 groups.
Results
In vivo, active Rac1 promotes assembly of ECs into new blood vessels, improves neovessel architecture, and reduces neovessel leakiness
We used a mouse skin model that uses a constant source of VEGF together with packaging cells expressing retroviruses encoding Rac1 mutants. This model offers the advantage of high retroviral transduction efficiency because transduction is favored in proliferating cells, and ECs divide in response to VEGF stimulation. 19, 20 Moreover, the packaging cells provide a constant source of freshly produced retrovirus throughout the experimental interval. Previously, we have validated this model with packaging cells expressing retrovirus encoding GFP, 19 RhoA mutants, 20 and transcription factor Nur77. 24 To initiate angiogenesis, transfected SK-MEL2 cells engineered for expression of VEGF 165 under the direction of a constitutively active CMV immediate-early gene promoter were mixed with equal numbers of PT67 retroviral packaging cells in basement membrane Matrigel and injected subdermally. The PT67 retrovirus packaging cells expressed retrovirus encoding either an established active Rac 1 mutant (L61Rac1), 25 an established DN Rac1 mutant (N17 Rac1), 26 or no insert (empty vector).
Animals were analyzed on day 7. Neovascularization of the overlying dermis was extensive in the active Rac1 group, intermediate in the control empty vector group, and sharply inhibited in the DN Rac1 group ( Figure 1A top panels). Quantification of neovascularization from gross images indicated that active Rac1 increased relative neovascularization by Ͼ 100% relative to empty vector controls; conversely, DN Rac1 sharply decreased neovascularization by nearly 50% ( Figure 1C) . Moreover, as shown with CD31 staining of ECs in paraffin-embedded tissue cross-sections ( Figure  1A bottom panels), neovessels with clearly defined lumens were most abundant in the active Rac1 group but nearly absent in the DN Rac1 group. Cumulative lumen area was increased Ͼ 100% relative to controls by active Rac1 and decreased 75% by DN Rac1 ( Figure 1C ), and these differences correlated with the respective differences in neovessel number and average neovessel diameter ( Figure 1C ). These findings were particularly intriguing, given that the numbers of ECs were comparable in the different experimental groups ( Figure 1C) . Finally, as shown by perfusion with fluorescent tracer and by perfusion with Microfil, new blood vessels in the active Rac1 group were well perfused and larger than in the empty vector controls ( Figure 1B) . Thus, these data indicate that, during VEGF-driven angiogenesis in adult skin, Rac1 serves a critical role in supporting the formation of new blood vessels with well-defined lumens. Most importantly, active Rac1 markedly improves neovessel formation.
Consistent with observations that active Rac1 promoted and DN Rac1 inhibited blood vessel formation without affecting EC density, coculture of the various retroviral packaging cells with the VEGF-SK-MEL2 cells, in the same proportion used in vivo, did not effect VEGF production (see "Methods"). This was expected because the expression vector was engineered to drive VEGF expression constitutively with a CMV promoter. Thus, the marked differences in blood vessel architecture among the different experimental groups can best be explained by differences in EC organization rather than differences in EC density or VEGF expression.
To determine the consequences of active Rac1 for neovessel leakiness, animals were injected intravenously with 70 kDa of FITC-dextran tracer 20 minutes before harvest (for visualization of vessel perfusion in combination with vessel leakage) and injected intravenously with 70 kDa of Texas Red-dextran tracer at 1 minute before harvest (for visualization of vessel perfusion alone). Excised tissues were fixed and subjected to laser scanning confocal microscopy ( Figure 2A ). The extent of FITC-dextran tracer leakage was quantified by subtracting the signal corresponding to the Texas Red-dextran tracer (intravascular) from the signal corresponding to the FITC-dextran tracer (intravascular ϩ extravascular) to yield the net signal for the extravasated tracer (see "Methods"). Importantly, VEGF neovessels induced in the presence of active Rac1 exhibited a Ͼ 4-fold reduction in tracer extravasation in comparison with neovessels induced by VEGF alone ( Figure 2B ).
In vitro, active Rac1 promotes capillary morphogenesis, organization of actin cables, and integrity of EC-EC junctions
To identify mechanisms through which active Rac1 improves VEGF neovascular architecture and function, dermal MVECs were cultured in the continuous presence of VEGF and transduced with the same active Rac1 and DN Rac1 mutants used in vivo. As determined with a Pak1 binding domain assay for Rac1 activity, MVECs transduced with active Rac1 exhibited modest (ϳ 20%-30%) but consistently increased levels of Rac1 activity, whereas DN Rac1 resulted in a ϳ 20%-30% decrease (see "Methods"; data not shown). These changes in Rac1 activity were comparable to those previously achieved with transduction by active and DN mutants of RhoA, which were sufficient to achieve marked reorganization of the cytoskeleton. 20 MVECs transduced with active Rac1 and DN Rac1 were sandwiched or overlaid with 3-dimensional collagen-I matrix (see "Methods"), thereby inducing morphogenesis of MVECs into vascular cords, [27] [28] [29] corresponding to the precapillary cords that form in vivo before the appearance of more mature tubes with lumens. 27, 30 Similar to findings in vivo, active Rac1 improved formation and integration of capillary cords as measured by a 60% decrease in blind ends and a 40% increase in closed vascular loops (polygons), relative to empty vector control ( Figure 3A top panels, B) . Staining for F-actin indicated that active Rac1 also strikingly improved the organization of cortical actin cables during cord formation ( Figure 3A bottom panels) . In contrast to active Rac1, DN Rac1 sharply disrupted formation of capillary cords ( Figure 3A top panels, B) and promoted disorganization of actin cables ( Figure 3A bottom panels) , consistent with our observations that DN Rac1 strongly impaired neovascularization in vivo. In monolayer culture, active Rac1 also strongly organized cortical actin cables ( Figure 3C top panels) and improved the integrity of EC-EC junctions as shown by staining for VE-cadherin ( Figure 3C bottom panels). These observations are highly indicative of improved barrier function 31, 32 and probably explain our findings that active Rac1 reduced leak of vascular tracer from neovessels in vivo. In direct contrast, DN Rac1 disrupted cortical actin, induced contractile actin stress fibers, and disrupted EC-EC junctions ( Figure 3C ).
SEW2871, a S1P receptor-1 agonist and Rac activator, improves capillary morphogenesis and actin dynamics in vitro and improves VEGF-driven neovascularization in vivo similarly to active Rac1
The foregoing observations suggested that activation of Rac1 is a potentially important strategy for improving defective neovessels associated with pathologic angiogenesis. Therefore, to identify a translatable, pharmacologic strategy for improving pathologic VEGF-driven angiogenesis, we proceeded to test compounds known to activate Rac1 in ECs. We specifically investigated SEW2871 33 because it selectively activates Rac1, rather than other Rho GTPases, through binding to the receptor S1P 1 . 4, 33 In vitro, SEW2871 improved capillary morphogenesis, actin organization, and integrity of EC-EC junctions very similarly to active Rac1 (Figure 4 ), identifying this compound as a good candidate for further investigations in vivo. Moreover, the specific Rac1 inhibitor NSC23766 34 neutralized SEW2871-mediated improvement of capillary morphogenesis, cortical actin organization, and EC-EC junctions, indicating that Rac1 was pivotal to the mechanism by which SEW2871 improved these vascular morphogenetic parameters (Figure 4) .
To test the efficacy of SEW2871 in vivo, we used the same angiogenesis model used for the Rac1 retroviral experiments but without retroviral packaging cells. In preliminary experiments, SEW2871 was administered orally by gavage once daily at different doses (5, 10, and 20 mg/kg) beginning on day 2. These doses in mice have been shown previously to be within the pharmacologically active range for immunosuppression. 35 As determined grossly at day 7, the daily 10-mg/kg dose most improved the integration of VEGF neovessels; therefore, more extensive experiments and analyses were performed with this dose. As quantified from gross flat mount and cross-sectional images, daily administration of 10 mg/kg SEW2871 markedly increased neovascularization and increased lumen formation and neovessel diameter ( Figure  5A-B) . Quantitatively, all of these improvements were comparable to those observed with transduction by active Rac1. In addition, similarly to active Rac1, SEW2871 improved blood vessel formation without increasing EC density. In vitro, SEW2871 (10 ng/mL or ϳ 2 ϫ median effective concentration) had no effect on VEGF production by VEGF-SK-MEL2 cells (see "Methods"), consistent with the design of the VEGF vector to express VEGF constitutively with a CMV promoter. Finally, analyses of neovascular leak with fluorescent tracers and confocal microscopy also established that SEW2871 substantially (50%) reduced extravasation of 70 kDa of tracer from VEGF neovessels ( Figure 6 ).
Ang-1 promotes capillary morphogenesis and organization of EC-EC junctions in vitro similarly to active Rac1, through a Rac1-dependent mechanism
The improvements to pathologic VEGF neovessels mediated by active Rac1 and SEW2871 are reminiscent of previous reports 
. Active Rac1 improves formation of vascular cords, organizes actin filaments cortically, and improves EC-EC junctions in vitro. (A) Dermal
MVECs, transduced with Rac1 mutants or empty vector control, were induced to undergo capillary morphogenesis (cord formation, see "Methods") by sandwiching between 2 layers of collagen I (top) or overlaying with collagen I (bottom). Subsequently cells were stained for F-actin. Top panels: note abundance of cord blind ends in DN Rac1 and control specimens that are absent in the active Rac1 specimen. Bottom panels (higher magnification): note cortical distribution of actin filaments in MVECs transduced with active Rac1, whereas actin is poorly organized in MVECs transduced with empty vector control or DN Rac1. (B) Quantification of cord parameters; n Ͼ 20 for all groups. Relative to controls, active Rac1 strongly reduced cord blind ends (P Ͻ .001) and increased cord integration as measured by counting closed polygons (P Ͻ .01), whereas DN Rac1 increased cord blind ends and reduced cord integration (polygons). (C) Confluent monolayers of MVECs, cultured in the presence of 20 ng/mL VEGF, and stained for F-actin (top panels) or VE-cadherin (bottom). Relative to empty vector control, active Rac1 strongly organized actin filaments cortically and improved integrity of EC-EC junctions as shown by VE-cadherin staining. DN Rac1 had opposite effects.
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showing that the vascular cytokine Ang-1 "normalizes" VEGFdriven angiogenesis to yield larger, less leaky neovessels. 36, 37 Moreover, Ang-1 persistently activates Rac1 in dermal MVECs ( Figure 7A ). This suggested the intriguing hypothesis that Ang-1 improves VEGF-driven angiogenesis through activation of Rac1. To explore this possibility, we analyzed dermal MVECs that were stimulated with Ang-1 in the presence and absence of the specific Rac1 inhibitor, NSC23766. 34 Consistent with the established role of Ang-1 in normalizing VEGF neovessels, 36 Ang-1 improved formation of precapillary cords very similarly to active Rac1 ( Figure 7 ; compare with Figure 3) . Moreover, the specific Rac1 inhibitor NSC23766 blocked Ang-1 improvement of cord formation. Finally, consistent with the role of Ang-1 in reducing vascular leakiness, 36 Ang-1 organized cortical actin cables and improved organization of VE-cadherin at EC junctions very similarly to active Rac1 ( Figure 7 , compare with Figure 3 ), and these improvements were abolished by the Rac1 inhibitor NSC23766 (Figure 7) .
Distinctions between VEGF and Ang-1: regulation of cortical actin and VE-cadherin at EC junctions
Persistent activation of Rac1 by Ang-1 ( Figure 7 ) raises important questions about distinctions between VEGF and Ang-1, regulation of EC junctions, and chronic vascular leakiness. Interestingly, VEGF initially activates Rac1, but this activation quickly declines from 30 to 60 minutes. 38 We found that by 30 minutes VEGF induced a cortical actin cytoskeleton similar to active Rac1, Ang-1, and SEW2871 (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). However, VEGF-induced organization of cortical actin was only temporary and was replaced with prominent actin stress fibers by 4 hours (supplemental Figure 1) . In contrast, Ang-1 and SEW2871 induced cortical actin that was evident at 30 minutes and persisted to 24 hours (supplemental Figure 1; Figures 4,7) . Coincident with VEGF induction of stress fibers, by 4 hours VEGF also disrupted the organization of VE-cadherin at cell junctions and induced gaps between adjacent ECs (supplemental Figure 2) . These findings are consistent with the association between VEGF and chronic vascular leakiness in vivo. In contrast, Ang-1 and SEW2871 each promoted persistent organization of VE-cadherin and EC junctions, similarly to active Rac1 (supplemental Figure 2;  Figures 3, 4, 7) and consistent with reduced vascular leakiness in vivo. Thus, Ang-1, but not VEGF, persistently organizes cortical actin, VE-cadherin junctional localization, and cell junction integrity, key parameters correlated with improved endothelial barrier function. 31, 32 
Discussion
The outcome of enhancing Rac1 activity for adult neovascularization in vivo has not been explored previously. Our studies identify augmentation of Rac1 activity as an important strategy for rectifying neovascular defects typically associated with pathologic angiogenesis. Transduction with active L61Rac1 significantly improved VEGF-driven angiogenesis in vivo, as measured by increased relative neovessel density, enlarged neovessel size, enhanced lumen formation, and reduced neovessel leakiness. Remarkably, active Rac1 improved VEGF-driven angiogenesis without increasing EC density relative to control. Rather, Rac1 improved VEGFdriven angiogenesis by promoting the proper assembly of ECs into new blood vessels with lumens. In vitro, active Rac1 facilitated formation of precapillary cords, as measured by increased cord length and integration; and these improvements in cord formation paralleled a striking improvement in the organization of actin cables. In addition, in monolayer culture, active Rac1 improved Relative to controls, SEW2871 strongly reduced cord blind ends (P Ͻ .001) and increased cord integration as measured by counting closed polygons (P Ͻ .001). Rac1 inhibitor NSC23766 abolished these improvements, indicating that SEW2871-mediated enhancement of cord formation is Rac1 dependent. (C) Confluent monolayers of MVECs cultured in the presence of 20 ng/mL VEGF and stained for F-actin (top) or VE-cadherin (bottom). Relative to empty vector control, SEW2871 (15nM, ϳ 1ϫ median effective concentration, 24 hours) strongly organized actin filaments cortically and improved integrity of EC-EC junctions as highlighted by VE-cadherin staining. Addition of Rac1 inhibitor NSC23766 (50M, ϳ 1ϫ IC50, 1 hour) abolished SEW2871-mediated enhancement of cortical actin and EC-EC junctions.
organization of cortical actin and EC-EC junctions in vitro, consistent with reduced vascular leak in vivo. Notably, our in vivo experiments do not distinguish possible effects of active Rac1 on cell types other than ECs that may have influenced angiogenesis. However, our in vitro experiments with active Rac1 and isolated ECs in the absence of other cell types showed strong parallels with the in vivo findings that included improved capillary morphogenesis, increased capillary cord length, and improved integrity of EC-EC junctions. These in vitro experiments are consistent with a direct effect of Rac1 on ECs in vivo, resulting in improved formation of neovessels and reduced vascular leak, although they do not exclude possible involvement of other cell types.
Importantly, we found that only a moderate increase in Rac1 activity (ϳ 20%-30%) was required to achieve improved capillary morphogenesis and improved organization of EC cortical actin and EC-EC junctions in vitro. Interestingly, modest changes in Rac activity have been shown previously to alter the directionality of cell migration in various cell types, 39 and modest changes in RhoA activity have been shown to induce marked reorganization of the cytoskeleton in ECs. 20 Although it was not possible to measure Rac1 activity in our in vivo experiments, it is important to consider that moderate increases in Rac1 activity are probably sufficient to achieve marked improvement in neovessel architecture and function.
In direct contrast to active Rac1, DN Rac1 sharply decreased VEGF-induced neovascularization in mouse skin, and neovessels with lumens were virtually absent despite the abundance of ECs in the host skin adjacent to the angiogenic stimulus. As viewed in cross-section, ECs accumulated robustly in skin overlying the angiogenic stimulus; but DN Rac1 prevented ECs from forming new blood vessels with lumens. In vitro, DN Rac1 disrupted formation of precapillary cords; cytoskeletal analyses linked impaired organization of F-actin to poor cord formation. These findings with DN Rac1 are consistent with previous reports that Figure 5 . Administration of SEW2871 improves VEGFdriven angiogenesis in vivo. Mice were treated daily with SEW2871, beginning on day 2 after implantation of the VEGF165-transfected cells in Matrigel. (A) As shown grossly at day 7, SEW2871 improved formation of neovessels (scale bar ϭ 450 m). In addition, as viewed in cross-sections stained for CD31, neovessels with welldeveloped lumens were most abundant in the SEW2871 group. S indicates skeletal muscle layer; V, vessels, M, Matrigel; scale bar ϭ 25 m. (B) Quantification of vascular parameters (n Ͼ 20 for all groups). From gross images: relative neovascularization, (ie, percentage of relative area occupied by neovessels in flat mount, P Ͻ .001). From CD31-stained cross-sections: quantification of ECs per 0.01 mm 2 relative total lumen area (P Ͻ .001), numbers of neovessels per 0.015 mm 2 and average internal neovessel diameter (P Ͻ .001). selective deletion of Rac1 in ECs inhibits embryonic angiogenesis, 6 that adult mice with EC-specific haplo-insufficiency for Rac1 exhibit impaired angiogenesis in a hind limb ischemia model, and that Rac1 is essential for capillary morphogenesis and lumen formation in vitro. 6,9-11 However, they do not seem to correlate with a recent report that endothelial-Rac1 is dispensable for tumor angiogenesis unless integrin ␣v␤3 is absent, 8 although fundamental differences in experimental design and vascular analyses may account for this apparent discrepancy.
Likely mechanisms by which active Rac1 reduced the chronic leakiness of VEGF neovessels in vivo, as measured with 70 kDa of fluorescent tracer, are illustrated by our in vitro findings that active Rac1 reduced actin stress fibers, increased cortical actin, and enhanced EC-EC junctions in dermal MVECs continuously stimulated by VEGF. Previous studies involving analyses of Rac1 and vascular permeability or leakiness have yielded apparently conflicting findings. 6, [40] [41] [42] [43] For example, DN Rac1 has been shown to decrease the barrier function of EC monolayers, 40 and a Rac inhibitor increased the baseline permeability of isolated microvessels. 41 In contrast, others have shown that DN Rac1 blocked acute, short-term, hyperpermeability induced by VEGF in vitro 6, 42, 43 and in vivo. 42 Collectively, these reports underscore the importance of distinguishing between basal permeability, persistent leakiness, and acute or transient hyperpermeability, 44 and they suggest that Rac1 probably regulates these parameters by distinctly different mechanisms. In particular, VEGF induces acute hyperpermeability of normal blood vessels transiently, lasting Ͻ 30 minutes, 23 whereas pathologic VEGF neovessels are persistently leaky, as shown here and previously. 12, 45 Therefore, it is important to emphasize that the in vivo studies described here address the persistent or chronic leakiness of pathologic VEGF neovessels, as opposed to acute or transient vascular hyperpermeability, and that our studies specifically illustrate that active Rac1 reduces persistent neovessel leakiness. Moreover, our in vitro experiments showed that active Rac1 improved cortical actin and EC-EC junctions in ECs persistently (ie, not acutely) stimulated by VEGF, consistent with our findings that active Rac1 reduced chronic leakiness in vivo.
The vascular cytokine Ang-1 has been shown previously to reduce the chronic leakiness of VEGF neovessels, and Ang-1 also increases VEGF neovessel size and improves VEGF neovessel architecture. 36, 37 Although we did not directly compare active Rac1 with Ang-1 in our in vivo model of VEGF-driven angiogenesis, our findings with active Rac1 are closely similar to those reported for Ang-1 previously. 36, 37 Interestingly, Ang-1 provides persistent (ie, long-term) activation of Rac1, but, in contrast, VEGF activates Rac1 with a peak ϳ 30 minutes. 38 Consistent with these differences in Rac1 activation, VEGF organized cortical actin and improved the integrity of EC-EC junctions at 30 minutes, but cortical actin was replaced by actin stress fibers and EC-EC barrier integrity was compromised by 4 hours. In contrast, Ang-1 maintained cortical actin and EC-EC junctions persistently through 24 hours. Thus, persistent Rac1 activation by Ang-1 underscores an important distinction with VEGF. Furthermore, VEGF induction of actin stress fibers and disruption of EC-EC junction integrity probably explains the chronic hyperpermeability of VEGF neovessels. Finally, our experiments also show that, even in the presence of VEGF, Ang-1 improves formation of vascular cords and enhances organization of cortical actin and EC-EC junctions comparably to active Rac1 and that a specific Rac1 inhibitor blocks these improvements. Therefore, the data support the intriguing hypothesis that Ang-1 "normalizes" VEGF neovessels, at least in part, by augmenting Rac1 activity. In further support of this hypothesis, others have shown that Ang-1 protects against endotoxin-induced vascular leakage by activating Rac. 3 Ang-1 (100 ng/ mL) improves cord formation by MVECs sandwiched between 2 layers of collagen I (see "Methods"). Cells were stained for F-actin. Note abundance of cord blind ends in vehicle control and Ang-1 ϩ Rac1 inhibitor (NSC23766 50M, ϳ 1ϫ median effective concentration) specimens that are absent in the Ang-1 specimen. (C) Quantification of cord parameters; n Ͼ 25 for all groups. Relative to controls, Ang-1 reduced cord blind ends (P Ͻ .01) and increased cord integration as measured by counting closed polygons (P Ͻ .01). Rac1 inhibitor NSC23766 abolished these effects, indicating that Ang-1 improves cord formation through a Rac1-dependent mechanism. (D) Confluent monolayers of MVECs, cultured in the presence of 20 ng/mL VEGF, and stained for F-actin (top) or VE-cadherin (bottom). Relative to empty vector control, Ang-1 (100 ng/mL, 24 hours) strongly organized actin filaments cortically and improved integrity of EC-EC junctions as shown by VE-cadherin staining. Within 1 hour, Rac1 inhibitor NSC23766 (50M, ϳ 1ϫ median effective concentration) abolished Ang-1-mediated enhancement of cortical actin and EC-EC junctions.
Abnormal angioarchitecture, poor integration of the vascular network, and vessel leakiness limit vascular perfusion and seriously reduce the functionality of VEGF pathologic neovessels, and these vascular defects themselves can aggravate underlying disorders. Moreover, these vascular defects seriously limit the use of VEGF as therapeutic agent for tissue revascularization. [15] [16] [17] [18] Although proangiogenic therapy with VEGF can increase blood flow in experimental models, the positive effects of VEGF are compromised by vascular malformations and vascular leak. 17, 18 Accordingly, our studies with SEW2871, an S1P 1 agonist, Rac1 activator, 33 and persistent inducer of cortical actin and enhanced EC-EC junction integrity, identify a rational drug-based strategy for correcting these neovascular defects. Furthermore, findings with SEW2871 suggest more generally that pharmacologic strategies involving other S1P 1 agonists or other Rac1 activators that organize cortical actin and improve EC-EC junction integrity persistently could be used effectively to improve pathologic angiogenesis and promote therapeutic angiogenesis with VEGF. Interestingly, S1P, the natural ligand for S1P 1 as well as other S1P receptors, 4 has been shown previously to promote capillary morphogenesis in vitro and augment angiogenesis driven by basic fibroblast growth factor and VEGF in vivo. 46 In addition, S1P 1 is important for stabilization of nascent blood vessels, 47 and interactions between S1P and S1P 1 are important for maintenance of EC barrier function. 46, [48] [49] [50] Thus, there is a considerable body of evidence linking S1P and S1P 1 to angiogenesis and maintenance of vascular barrier function. However, the utility of S1P 1 agonists for rectifying neovascular defects typically associated with pathologic angiogenesis has not been shown previously. Thus, our experiments add uniquely to the existing body of information on S1P/S1P 1 function by demonstrating that SEW2871 administration in vivo rectifies pathologic angioarchitecture and associated chronic neovascular leakiness comparably to active Rac1. Notably, our experiments do not distinguish possible effects of SEW2871 on cell types other than ECs, and they do not establish that SEW2871 acted exclusively through Rac1 activation. Nonetheless, our in vitro experiments with a specific Rac inhibitor in combination with SEW2871 and isolated ECs in the absence of other cell types demonstrated that SEW2871 improved capillary morphogenesis, increased capillary cord length, and improved integrity of EC-EC junctions through a Rac-dependent mechanism. Thus, these in vitro experiments are consistent with a direct effect of SEW2871 on ECs that results in improved angiogenesis and reduced vascular leak, although additional involvement of other cell types and signaling pathways are not excluded.
Finally, our findings also suggest the more general hypothesis that impaired regulation of the EC cytoskeleton is responsible for vascular defects associated with pathologic angiogenesis. Because multiple signaling molecules in addition to Rac1 regulate the cytoskeleton, 1 there are probably other cytoskeletal-targeting strategies, in addition to the one described here, for rectifying neovascular defects. 13 In particular, we have shown previously that active RhoA, a key regulator of cytoskeletal dynamics, can also markedly improve VEGF-driven angiogenesis in vivo, although differently from that shown here with active Rac1. 20 Therefore, multiple targeting strategies, possibly used in combination may eventually provide optimal rectification of pathologic neovessels.
In summary and conclusion, these experiments show that augmentation of Rac1 activity in a mouse model rectifies key structural and functional defects typically associated with pathologic VEGF-driven angiogenesis. Transduction with active Rac1 improved angiogenesis as measured by increased neovessel density, increased lumen formation, improved angioarchitecture, and reduced vessel leakiness; experiments with isolated human MVECs in vitro suggest that these improvements were mediated through improvement of capillary morphogenesis and integrity of EC-EC junctions. From a translational standpoint, these studies distinguish augmentation of Rac1 activity as a means to rectify the pathologic angioarchitecture and dysfunctionality of VEGF neovessels, and they suggest a rational pharmacologic strategy for achieving this goal.
